A certified reference material (CRM), NMIJ CRM 7203-a, was developed for the elemental analysis of tap water. At least two independent analytical methods were applied to characterize the certified value of each element. The elements certified in the present CRM were as follows: Al, As, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Sr, and Zn. The certified value for each element was given as the (property value ± expanded uncertainty), with a coverage factor of 2 for the expanded uncertainty. The expanded uncertainties were estimated while considering the contribution of the analytical methods, the method-to-method variance, the sample homogeneity, the long-term stability, and the concentrations of the standard solutions for calibration. The concentration of Hg (0.39 μg kg -1 ) was given as the information value, since loss of Hg was observed when the sample was stored at room temperature and exposed to light. The certified values of selected elements were confirmed by a co-analysis carried out independently by the NMIJ (Japan) and the KRISS (Korea).
Introduction
Tap water is a major source for the intake of elements, while overdosed elements are harmful to the health of humans. Therefore, the concentrations of Al, As, B, Ca, Cd, Cl, Cr(VI), Cu, F, Fe, Mn, Mg, Na, Hg, Pb, Se, and Zn in tap water are regulated by "Quality Standard for Tap Water" in No. 101 Ordinance of the Ministry of Health, Labour and Welfare of Japan. 1 These elements are also covered by "Guidelines for Drinking-water Quality" established by the World Health Organization. 2 As a result, it is required to monitor the concentrations of these elements in tap water, for which the quality control of monitoring analysis is necessary.
The determination of elements in a certified reference material (CRM) is effective for quality control of the analysis. 3 As a section of the National Metrology Institute of Japan (NMIJ), the authors' group has developed various CRMs for the analysis of food and environmental samples. [4] [5] [6] [7] [8] [9] [10] [11] [12] Before the development of the present CRM, there was no CRM developed with local tap water of Japan as the raw material. In the present work, local tap water was used as the raw material to prepare the CRM, which ensured the similarity of the matrix to the target sample in applications of the present CRM.
In the present work, a tap water CRM was developed for the analysis of heavy metals covering the above-mentioned elements being regulated. The following details about this CRM are presented in this paper: the preparation of the candidate RM, the homogeneity test, the stability study, confirmation of the validity of the analytical methods, and calculation of the property values and the uncertainties.
Experimental

Instrumentation
The following instruments were applied to the determination of the elements in the candidate RM: an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7700x, Agilent 8800x), a high-resolution ICP-MS (HR-ICP-MS, Element XR), an inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 7300DV), a graphite-furnace atomic absorption spectrometer (GF-AAS, AAnalyst 800), and a microwave-induced plasma optical emission spectrometer (MIP-OES, Agilent 4100). The operating condition of each instrument was optimized daily.
The isotopes measured by mass spectrometers and the wavelengths measured by the optical spectrometers are summarized in Table 1 . The measurements for isotope dilution (ID-) ICP-MS were carried out by using an Agilent 8800x. It is notable that the application of the Agilent 8800x ICP-MS, with tandem quadrupole mass spectrometers and octupole reaction cell, permitted precise measurements by ID-ICP-MS.
Chemicals
Calibration standards were prepared from single-element standard solutions purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Metrological traceability to the International System of Units (SI) of each standard solution was guaranteed by the Japan Calibration Service System (JCSS). Ultrapur ® HNO3 (60%) and HCl (30%) were also purchased from Kanto Chemical Co., Inc. and used for preparing the candidate RM and for making measuring solutions. All of the working standard and sample solutions were prepared by a gravimetric method, using a balance calibrated by JCSS.
The following enriched isotopes were used in ID-ICP 
Preparation of the candidate RM
The preparation procedure of the candidate RM was as follows. The raw material was stored in a 200-L polyethylene tank after sequential filtration using cartridge filters with pore sizes of 0.45 μm and of 0.2 μm. A primary test was carried out with ICP-MS to check the concentrations of the analyte in the raw material; since the concentrations of Cd, Hg, As, Cr, Mn, and Se were extremely low, elemental standards of these elements were added to elevate their concentrations. Besides, HNO3 and HCl were, respectively, added in the raw material to ensure the stability of the elements. The raw material was stirred for one week to ensure homogenization. After that, the raw material was bottled into 100 mL clean polyethylene bottles, which were washed with an aliquot of the raw material in advance. Finally, 730 bottles of the candidate RM were obtained and labeled with continuous numbers for management.
Each bottle of the candidate RM was vacuum sealed in an individual transparent plastic bag for preservation and preventing contamination from the environment. The candidate RM was stored at room temperature, i.e. 5 to 25 C, and shielded from light.
Homogeneity test and stability study
A homogeneity test was carried out for the present candidate RM following the ISO Guide 35:2006, 13 and in a similar way to that reported in the development of a tea-leaf powder CRM and a milk-powder CRM. 9, 12 A stability study was carried out for the present candidate RM prior to characterization of the CRM. In 18 months, five tests were performed for each element by ICP-MS. Assessments of the results were carried out following the ISO Guide 35:2006, 13 in a similar way as described for sulfur in bioethanol CRM 14 and pesticides in cabbage and green onion CRMs. 15 
Uncertainty estimation in characterization analysis
Uncertainty estimation in the characterization analysis was carried out following the ISO/IEC Guide 98-3:2008 16 and the EURACHEM/CITAC Guide CG4. 17 The calculations were carried out in a similar way to that used in the development of a tea-leaf CRM and a milk-powder CRM.
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Results and Discussion
The results of the homogeneity test and the stability study
The homogeneity test and the stability study of the present candidate RM were carried out by ICP-MS. The value of the standard uncertainty due to homogeneity, i.e. uhom, for each element is summarized in Table 2 . It can be seen from Table 2 that the values of uhom for most of the elements were less than 1% (except for B and Ni, 1.15 and 2.08%), which were used to calculate the combined standard uncertainty of each property value in the following text.
The results of an 18-month stability study showed that the concentration values for each element were coincident with one a. The isotopes and wavelength for each instrument was selected majorly based on the following two considerations: free of or negligible spectral interference and enough signal intensity for highly precise measurement. b. Cd was measured at medium resolution (m/Δm = 4000), Al, As, and Mn were measured at high resolution (m/Δm = 10000). c. The measurements of Na and K were carried out with radial observation, while the measurements of other elements were carried out with axial observation. another, and that a significant variance of the concentrations was not observed. Furthermore, the linear regression model following ISO Guide 35:2006 13 was used to check for any trend in the results of the stability study. As a result, the slope of the linear regression for each element was insignificant at a level of confidence of 95%. Therefore, the standard uncertainty due to instability, i.e. ults, was calculated based on Eq. (1), while a larger value of s(b1) and | b1 | for each element was considered for the calculation of ults:
In Eq. (1), b1 is the slope of the regression; s(b1) is the standard deviation of the slope; t is the period from the start of the stability study to the expiration date of the certification. For the present candidate RM, the value of t was 1826 days, i.e. 5 years.
The ults value for each element is also summarized in Table 2 and used to calculate the combined standard uncertainty of each property value. Monitoring of the stability will be carried out after issuing the CRM.
Analytical results and property values of the elements
In the present work, at least two independent methods were applied to determine the concentration of each element. The analytical results are summarized in Table 3 , given as (mean ± expanded uncertainty), where the value of coverage factor k for the expanded uncertainty was 2, giving a level of confidence of approximately 95%. It can be seen in Table 3 In Table 3 , the property value for each element was calculated as the weighted mean of the analytical results of multiple methods. The reciprocal of the standard uncertainty of each method was applied as the weight for its result to calculate the weighted mean for each element.
Calculation of the combined standard uncertainties of the property values
The major contributions to the combined standard uncertainties (uc) of the elemental property values in the present candidate RM were the homogeneity (uhom), the long-term stability (ults), the analytical method (uanal), the method-to-method variance (umeth), and the concentration of the elemental standards (ustd). The relative values of the major contributing factors and those of the ucs are summarized in Table 2 .
The values of uhom and ults were calculated based on the results of the homogeneity test and the stability study, respectively. The values of uanal, umeth, and ustd were obtained in a similar way to the previous report. 9, 12 Each value of uanal was calculated on the basis of the weighted mean with the reciprocal of the uncertainty of each result as a weight. The values of umeth were obtained by analysis of the variance (ANOVA) of the results obtained by various methods for each element. The ustd values were obtained from the JCSS guaranteed certificates of the elemental standards. In Table 2 the value of uc was calculated as the root mean square of uhom, ults, uanal, umeth, and ustd. The values of uc are in the range from 1.21% for Cr to 4.98% for B, which are low enough for quality control in analysis of tap water.
Certified values of the elements in the NMIJ CRM 7203-a
The certified values of the elements in the NMIJ CRM 7203-a are summarized in Table 4 . The certified value for each element is shown as (property value ± expanded uncertainty), where the property values were equivalent to those in Table 3 . The expanded uncertainty for each element was calculated from the property value and the relative value of uc in Table 2 with a coverage factor of 2. It can be seen in Table 4 , the certified values of the elements in NMIJ CRM 7203-a cover a range from 0.146 μg kg -1 of Sb to 33.1 mg kg -1 of Na. The concentration of Hg was also regulated by "Quality Standard for Tap Water" 1 and was investigated for the present CRM, including the homogeneity test and the stability study. The results showed that Hg was homogenous with the value of uhom being 0.62%. The concentration of Hg was stable when stored at 5 to 25 C and shielded from light. However, when the bottle was opened once and exposed to light, loss of Hg might be observed up to 80%. Considering the requirement of Hg measurement, the concentration of Hg in the present CRM was given as the information value. The concentration of Hg was 0.39 μg kg -1 , which was determined by ICP-MS and ID-ICP-MS.
Co-analysis of the candidate RM by NMIJ (Japan) and KRISS (Korea)
Created 19 At the same time, the NMIJ and the KRISS had, respectively, registered 485 and 522 (both in the ranking of top 10 world institutes) Calibration and Measurement Capabilities (CMCs) in KCDB, too. 20 Therefore, the co-analysis by NMIJ and KRISS provided the best confirmation of the certified values.
A co-analysis of the present candidate RM (Action No. 22, Elements in tap water CRM) by the NMIJ and KRISS was arranged as a project of Working Group 1 (WG1: CRMs for Food Analysis) of the Asian Collaboration on Reference Materials (ACRM). The analyses by the KRISS were carried out by ID-ICP-MS, for which the results are summarized in Table 5 . It can be seen from Table 5 that the result for each element obtained KRISS was in coincidence with the certified value assigned by NMIJ, taking into consideration the expanded uncertainty of both values. The coincidence of the analytical result of the KRISS with the present certified values confirmed that the present certified values are international equivalent.
Conclusions
The concentrations of 20 elements, i.e. Al, As, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Rb, Sb, Se, Sr, and Zn, in NMIJ CRM 7203-a were characterized for the determination of trace elements in tap water. The property value for each element was calculated as the weighted mean of the analytical results of at least two methods. The contributions of the following factors were considered in order to calculate the expanded uncertainty of the property value for each element: the sample homogeneity, the long-term stability, the analytical methods, the method-tomethod variance, and the concentrations of the elemental standard solutions for calibration. The concentration of Hg was given as the information value since that loss of Hg was observed when the sample was stored at room temperature and exposed to light. A co-analysis of the present candidate RM was carried out by NMIJ (Japan) and KRISS (Korea), whose results confirmed the international equivalence of the present certified values. a. Mean ± expanded uncertainty (k = 2).
